Impaired biogenesis of microRNAs disrupts spermatogenesis and leads to infertility in male mice. Spermatogonial differentiation is a key step in spermatogenesis, yet the mechanisms that control this event remain poorly defined. In this study, we discovered microRNA 146 (Mir146) to be highly regulated during spermatogonial differentiation, a process dependent on retinoic acid (RA) signaling. Mir146 transcript levels were diminished nearly 180-fold in differentiating spermatogonia when compared with undifferentiated spermatogonia. Luciferase assays revealed the direct binding of Mir146 to the 3 0 untranslated region of the mediator complex subunit 1 (Med1), a coregulator of retinoid receptors (RARs and RXRs). Overexpression of Mir146 in cultured undifferentiated spermatogonia reduced Med1 transcript levels, as well as those of differentiation marker kit oncogene (Kit). MED1 protein was also diminished. Conversely, inhibition of Mir146 increased the levels of Kit. When undifferentiated spermatogonia were exposed to RA, Mir146 was downregulated along with a marker for undifferentiated germ cells, zinc finger and BTB domain containing 16 (Zbtb16; Plzf); Kit was upregulated. Overexpression of Mir146 in RA-treated spermatogonia inhibited the upregulation of Kit, stimulated by retinoic acid gene 8 (Stra8), and spermatogenesis-and oogenesis-specific basic helix-loophelix 2 (Sohlh2). Inhibition of Mir146 in RA-treated spermatogonia greatly enhanced the upregulation of these genes. We conclude that Mir146 modulates the effects of RA on spermatogonial differentiation.
INTRODUCTION
The process of spermatogenesis depends upon the establishment and maintenance of undifferentiated spermatogonia, consisting of the cell types A single (A s ), A paired (A pr ), and A aligned (A al ) in mice [1, 2] . A subset of these undifferentiated spermatogonia exhibit stem cell activity, with the ability to repopulate seminiferous tubules depleted of germ cells [3] . To initiate spermatogenesis, undifferentiated spermatogonia transition into type A 1 cells, a process known as spermatogonial differentiation [1] . This transition is accompanied by a functional loss of stem cell activity [4] . The differentiating A 1 cells then proceed through additional rounds of mitosis to generate successive cell types: A 2 , A 3 , A 4 , intermediate, and B spermatogonia [1] . The differentiation of A s , A pr , and A al cells into A 1 -A 4 cells is tightly controlled, but the regulatory mechanisms underlying this event are poorly characterized.
MicroRNAs are short, noncoding RNAs that regulate a wide variety of cellular processes. A number of recent studies have highlighted the importance of microRNAs in regulating spermatogenesis [5] [6] [7] . Germ cell-specific deletion of dicer 1, ribonuclease type III (Dicer1), encoding an enzyme required for microRNA biogenesis, results in significant germ cell loss, abnormal morphology and motility of sperm, and reduced fertility [5, 6] . When Dicer1 is conditionally deleted from perinatal gonocytes and undifferentiated spermatogonia, an increase in pachytene spermatocyte defects and a decrease in round spermatid formation occurs [8, 9] . Collectively, these reports suggest that microRNAs are required for normal spermatogenesis. Additional studies have shown that microRNAs, in general, are highly expressed in the testis, while some microRNAs exhibit exclusive testicular expression [10] [11] [12] . The microRNA transcriptome exhibits dynamic expression during prepubescent mouse testis development [13] . When undifferentiated spermatogonia are compared to somatic testicular cells, several microRNAs exhibit significant enrichment in the spermatogonia [14] . However, to date, few specific microRNAs have been shown to directly influence spermatogonial differentiation [14, 15] .
Retinoic acid (RA) signaling is important for both the initiation of differentiation and the entry into meiosis in male germ cells, with testes deficient in RA exhibiting a block in the A al to A 1 spermatogonial transition [16] [17] [18] [19] . Exposure of spermatogonia to RA upregulates the Mirlet7 family of microRNAs and downregulates members of the Mir-17-92 (Mirc1) and Mir-106b-25 (Mirc3) clusters [15, 20] . In the current study, we searched for additional microRNAs that have distinct expression patterns between undifferentiated and differentiating spermatogonia, and identified Mir146 as a candidate that inhibits prodifferentiation transcripts.
MATERIALS AND METHODS

Mice and Spermatogonial Cell Enrichment
All procedures and care of animals were carried out in accordance with the Children's Hospital of Chicago Research Center Animal Care and Use Committee. Wild-type mice used in these studies were of the strains C57BL/ 6J, 129S1/SvImJ, and hybrid B6129SF2 (The Jackson Laboratory). Tg(Pou5f1-EGFP)2Mnn mice were maintained on the C57BL/6J background. Preparation of single-cell suspensions from testes and subsequent enrichment of both undifferentiated and differentiating spermatogonia were performed as previously described [21] [22] [23] . Briefly, testes from wild-type mice were decapsulated and minced in 1:1 Dulbecco modified Eagle medium-Ham F-12 Medium. An initial enzymatic digestion using collagenase I (1 mg/ml) and DNase I (2 mg/ml) at 378C for 30 min was carried out to remove interstitial Leydig cells and peritubular myoid cells from the seminiferous tubules. A second enzymatic digestion using collagenases I and IV (1 mg/ml), DNase I (2 mg/ml), hyaluronidase (1.5 mg/ml), and trypsin (1 mg/ml) at 378C for 30 min was undertaken to isolate germ cells and Sertoli cells from the remaining tissue. Final suspensions of single cells were prepared in ice-cold PBS containing 0.5% BSA and 2 mM EDTA for subsequent germ cell enrichment by magnetic-activated cell sorting (MACS). PBS containing 0.5% BSA and 2mM EDTA is referred to as MACS buffer.
Single-cell suspensions containing germ cells in 80 ll MACS buffer were first incubated with 20 ll rabbit anti-glial cell line-derived neurotrophic factor family receptor alpha 1 (GFRA1) antibodies (Santa Cruz Biotechnology) at 48C for 20 min with rotation. After washes, a second incubation of cells in 80 ll MACS buffer with 10 ll goat anti-rabbit antibody-conjugated MicroBeads (Miltenyi Biotech, Auburn, CA) and 10 ll anti-thymus cell antigen 1, theta (THY1) antibody-conjugated MicroBeads was administered at 48C for 20 min with rotation. The labeled cells were filtered through 30-lm pore size mesh to remove cell aggregates, and then sorted through a separation LS column attached to a MidiMACS separator (Miltenyi Biotec). THY1 þ and GFRA1 þ cells were retained inside the column within the magnetic field, while unlabeled cells passed through the column and were collected as the column-depleted THY1
À /GFRA1 À cell fraction (CD fraction). After washes with MACS buffer, the LS column was removed from the magnetic field and the THY1 þ and GFRA1 þ cells representing the undifferentiated spermatogonial fraction were flushed out. For the enrichment of differentiating spermatogonia, CD fraction cells were subsequently reconstituted in 90 ll MACS buffer and incubated with 10 ll anti-CD117 (KIT) antibody-conjugated MicroBeads at 48C for 20 min with rotation. These samples were then sorted through a MidiMACS LS column to collect the KIT þ cells.
Cell Culture
The P19 mouse cell line was maintained in Alpha Minimum Essential Medium supplemented with 10% FBS according to standard protocols. Primary THY1 þ spermatogonia were enriched by MACS and seeded onto dishes containing irradiated mouse embryonic fibroblast (MEF) feeder cells. These THY1 þ undifferentiated spermatogonia were maintained in optimized culture medium (StemPro-34 [Life Technologies, Grand Island, NY] supplemented with 1% FBS, 10 lg/ml glial cellline-derived neurotrophic factor [GDNF; R&D Systems Inc., Minneapolis, MN], 1 ng/ml recombinant human basic fibroblast growth factor [bFGF; BD Biosciences, San Jose, CA], 20 ng/ml epidermal growth factor [EGF; BD Biosciences], and 1000 units/ml leukemia inhibitory factor [LIF/ESGRO; Millipore, Billerica, MA]). Cells were propagated for .6 mo, and passaged approximately every 7 days.
For transfections, cultured undifferentiated spermatogonia were passaged onto new MEFs 24 h prior to the experiment. Pre-microRNA (miR) Mir146 and nontargeting control (NTC) mimics were purchased from Ambion (Life Technologies). The miRIDIAN Mir146 and NTC inhibitors were purchased from ThermoScientific (Wilmington, DE). Transfections were performed using Lipofectamine 2000 (Invitrogen/Life Technologies) and approximately 100 pmol Pre-miR mimic or miRIDIAN inhibitor per treatment. For treatments longer than 24 h, media were changed at 24 h. P19 cells were transfected with Lipofectamine 2000 using 500 ng pMiR-MED1 or empty pMiR-RE-PORT, 500 ng pMiR-RE-PORT b-galactosidase control plasmid, and 20 pmol Pre-miR mimic. For RA exposure, cells were treated with media containing either 1 lM all trans-RA (Sigma Aldrich, St. Louis, MO) or 0.1% ethanol. At the end of the indicated treatment time, cells were harvested and total RNA was isolated. MEF-only controls were used for all treatments.
Luciferase Assays A 1.5-kb region of the Med1 3 0 untranslated region (UTR) was amplified from mouse genomic DNA and cloned into the pMiR-RE-PORT vector (Ambion/Life Technologies). At 24 h after transfection, cells were harvested. Luciferase and b-galactosidase activities were measured using the appropriate enzyme assays, following the manufacturer's instructions (Promega, Madison, WI). Luciferase activity was normalized to b-galactosidase activity. Caspase activity was measured using the Caspase-Glo 3/7 assay, following the manufacturer's instructions (Promega).
Quantitative RT-PCR
Total RNA was isolated from samples using the RNeasy Kit (Qiagen, Valencia, CA). The yield and quality of RNA samples were determined using the NanoDrop 2000 Spectrophotometer (ThermoScientific). For microRNA analysis, total RNA was reverse transcribed into cDNA using random hexamer primers and M-MLV reverse transcriptase ( 
Western Blot Analysis
Cultured THY1
þ spermatogonia were harvested and resuspended in lysis buffer containing protease/phosphatase inhibitors. Total protein was quantified using the Bradford assay. Total protein (20 lg) was separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Blots were blocked with 5% milk and incubated overnight at 48C with rabbit polyclonal anti-MED1 antibodies (Bethyl Laboratories, Montgomery, TX) or mouse monoclonal antia-tubulin antibodies (B-7; sc-5286; Santa Cruz Biotechnology). After washing, blots were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. They were then incubated with a chemiluminescent substrate, exposed to X-ray film, and developed. Densitometry analysis was performed using the GE Typhoon FLA 7000 system.
Immunohistochemistry
Prepubertal (1-wk-old) testes were fixed in Bouin solution at 48C for 2 h. Testes were rinsed in PBS and dehydrated for paraffin embedding. Sections (5 lm) were cut, deparaffinized, and rehydrated for staining. Sections were subjected to antigen retrieval by boiling in 0.01 M sodium citrate (pH 6.0) for 10 min. Sections were blocked with 3% normal goat serum in PBS for 1 h at room temperature. Primary antibodies were diluted in 3% goat serum in PBS and incubated overnight at 48C. Control reactions were performed by omitting primary antibodies from the incubations. After washing, samples were incubated in the dark with fluorescence-conjugated secondary antibodies. Vectashield anti-fade mounting medium (Vector Laboratories, Burlingame, CA) containing 4 0 ,6-diamidino-2-phenylindole (DAPI) was applied to the samples, and sections were viewed using a Leica DMR-HC epifluorescence microscope. Images were captured by a QImaging Retiga 4000R camera. Antibodies used were rat monoclonal anti-GCNA1 (gift of Dr. George Enders, University of Kansas Medical Center, Kansas City, KS) at 1:100, and rabbit polyclonal anti-MED1 (M-255; sc-8998; Santa Cruz Biotechnology) at 1:100.
Flow Cytometry
Cultured OCT4
þ spermatogonia established from Pou5f1 (Oct4)-green fluorescent protein (GFP) mice were treated with trypsin-EDTA. Cells were resuspended in PBS containing 2% BSA and filtered through 30-lm pore size mesh to remove cell aggregates. Cells were then incubated with mouse monoclonal anti-KIT antibodies conjugated to allophycocyanin (2B8; eBioscience, San Diego, CA) in the dark for 30 min. After washes, cells were exposed to DAPI for dead cell exclusion immediately before analysis. Cells were analyzed on a BD LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA).
Statistical Analyses
All experiments were performed at least three times. Data are presented as the mean (6SEM). Statistical analyses were carried out using Prism 5 (GraphPad Software, La Jolla, CA). For experiments with single comparisons, significance between the means was determined using Student t-test. For experiments with multiple comparisons, significance was determined by oneway analysis of variance followed by the Tukey multiple comparison test.
RESULTS
Mir146 Is Significantly Enriched in Undifferentiated Spermatogonia Relative to Differentiating Spermatogonia
To generate distinct subpopulations of spermatogonia, thereby separating undifferentiated from differentiating frac-HUSZAR AND PAYNE tions and enabling the direct comparison of microRNA levels, we used MACS. The use of MACS allowed us to enrich for germ cells containing surface markers THY1 and GFRA1, which represent undifferentiated spermatogonia, and to enrich for germ cells containing surface marker kit oncogene (KIT), which represent differentiating spermatogonia [4, 22, 23] . To verify that our MACS selection strategy successfully enriched distinct spermatogonial subpopulations, we performed gene expression analysis on the recovered cells using qRT-PCR. As expected, relative to KIT þ cells, THY1 þ /GFRA1 þ cells exhibited an upregulation of Gfra1 (8.68-fold), as well as two additional transcripts associated with undifferentiated spermatogonia: zinc finger and BTB domain containing 16 (Zbtb16; referred to here as Plzf; 7.16-fold), and POU domain, class 5, transcription factor 1 (Pou5f1; referred to here as Oct4; 6.19-fold; Fig. 1A) . Conversely, THY1
þ /GFRA1 þ cells exhibited a downregulation of Kit (20-fold), as well as spermatogenesis-and oogenesis-specific basic helix-loop-helix 2 (Sohlh2; 2.63-fold) when compared with KIT þ cells (Fig.  1A) . SOHLH2, along with closely related family member SOHLH1, localizes to spermatogonia within the testis and upregulates Kit; genetic ablation of either family member results in a loss of KIT þ spermatogonia [24] [25] [26] . We also assessed levels of enhancer of zeste homolog 2 (Ezh2), a gene highly enriched in primitive hematopoietic stem cells (HSCs), rapidly downregulated upon HSC differentiation, and targeted by multiple microRNAs [27, 28] . Relative to KIT þ cells, THY1 þ /GFRA1 þ cells exhibited a 3.43-fold upregulation of Ezh2 (Fig. 1A) . These results validate the use of MACS to enable identification of microRNAs differentially regulated between self-renewing and differentiating spermatogonia. We chose to examine specific microRNAs based upon known targets and interactions occurring in other cell types. In differentiating and maturing megakaryocytes, Mir146 is directly repressed by PLZF, enabling the translation of chemokine (C-X-C motif) receptor 4 (CXCR4) that ensures cell survival [29] . CXCR4 is essential for primordial germ cell migration, and is expressed in postnatal male germ cells [30, 31] , while PLZF is required for spermatogonial stem cell selfrenewal [32, 33] . Meanwhile, in various differentiated or transformed cells, Mir26a-1/2, Mir101a-c, and Mir214 are upregulated and target Ezh2 [34] [35] [36] . Here, THY1 þ /GFRA1 þ cells exhibited no change in the levels of these latter three microRNAs relative to KIT þ cells but, unexpectedly, showed a nearly 180-fold enrichment of Mir146 (Fig. 1B) . These findings suggest a potential role for Mir146 in the commitment of spermatogonia to differentiate.
Med1 Is a Direct Target of Mir146
We next examined putative target genes of Mir146, and assessed their relative expression levels in undifferentiated and differentiating spermatogonia. A list of potential targets was compiled using binding site prediction algorithms TargetScan, miRanda, and PicTar (Supplemental Table S2 ). Four in silico predicted targets, signal transducer and activator of transcription 1 (Stat1), interleukin 1 receptor-associated kinase 1 (Irak1), tumor necrosis factor receptor-associated factor 6 (Traf6), and Notch1, had previously been validated biologically as targets of Mir146, but not in spermatogonial cells [37] [38] [39] . Three additional in silico predicted targets, extended synaptotagmin-like protein 2 (Esyt2), adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper containing 1 (Appl1), and mediator complex subunit 1 (Med1), had not yet been validated in vitro. We chose to examine the expression of these top in silico predicted candidates in MACS-separated
/GFRA1
þ cells relative to KIT þ cells (Fig. 1C) . In particular, the downregulation of Med1 intrigued us. MED1 specifically modulates nuclear hormone receptor-dependent transcription and interacts with multiple nuclear hormone receptors, including those for RA [40] . This finding suggested to us that Mir146 might play a role in inhibiting spermatogonial differentiation by downregulating cellular responses to external differentiation signals. The 3 0 UTR of mouse Med1 contains three putative Mir146 binding sites (Fig. 1D) . (Fig. 1E ). This effect was specific to the Med1 3 0 UTR, as cells transfected with the empty vector showed no significant change in luciferase activity. These results demonstrate that Med1 is a direct target of Mir146. As MED1 had not previously been described in male germ cells, we examined its distribution during the initial wave of spermatogonial differentiation using immunohistochemistry. In 1-wk-old testes, MED1 is present in some, but not all, spermatogonia, as well as in peritubular myoid cells and Leydig cells (Fig. 2) . Roughly one-quarter (26.3% 6 4.65%; n ¼ 3 animals) of premeiotic germ cells exhibited MED1 distribution, as measured by coimmunostaining of MED1 and the germ cell nuclear antigen 1 (GCNA1), a specific marker of germ cells through the diplotene/dictyate stage of the first meiotic division [41] . This finding suggests that MED1 may localize to a subpopulation of spermatogonia within the prepubescent testis.
Modulation of Mir146 Expression Alters Spermatogonia Marker Transcript Levels
We next investigated the effects of overexpressing and inhibiting Mir146 in cultured undifferentiated spermatogonia. To increase Mir146 expression, spermatogonia were transiently exposed to a Mir146 mimic or an NTC mimic. After 72 h, cells were harvested and gene expression was examined. Cultures treated with the Mir146 mimic showed a significant increase in Mir146 expression over NTC-treated (203-fold; Fig. 3A) . To confirm that the Mir146 mimic was acting independently from endogenous Mir146, we examined the transcript levels of the primary (pri)-Mir146 precursor in cells transfected with the Mir146 mimic. As expected, the fold change of pri-Mir146 under this condition did not differ when compared to cells transfected with NTC mimic (Supplemental Fig. S1A) . A panel of gene transcripts specific to undifferentiated or differentiating spermatogonia was also examined: Plzf, Gfra1, inhibitor of DNA binding 4 (Id4), Kit, and Sohlh2. There were significant decreases in Kit (4.76-fold) and Sohlh2 (3.13-fold), as well as Med1 (2.08-fold) (Fig. 3B) . These data reveal that overexpressing Mir146 leads to a decrease in the expression of genes associated with differentiating spermatogonia.
Cultured spermatogonial cells were then treated with either a Mir146 hairpin inhibitor or an NTC inhibitor. Expression of Mir146 was assessed after 24, 48, and 72 h. At 48 h, Mir146 levels were significantly diminished, a reduction that persisted at 72 h (7.69-fold and 12.5-fold, respectively; Fig. 3C ). To confirm the function of the Mir146 inhibitor, we performed The presence of the Mir146 inhibitor significantly elevated luciferase expression from the vector containing the 3 0 UTR of Med1, suggesting that the inhibitor sufficiently blocked endogenous Mir146 to the extent that the expression of the luciferase reporter was no longer impeded (Supplemental Fig.  S1B ). Exhibiting the opposite of what had occurred in spermatogonia receiving the Mir146 mimic, cells receiving the Mir146 inhibitor showed a significant upregulation of Kit (195-fold) and Sohlh2 (6-fold) at 24 h (Fig. 3D) . Similar trends were observed at 48 h (data not shown). Additionally, at 72 h there was a significant reduction in the number of cells recovered from Mir146 inhibitor-treated samples (7.45 3 10 5 cells) compared with NTC-transfected (1.43 3 10 6 cells) or mock-transfected (1.46 3 10 6 cells) samples (Fig. 3E) . To determine whether this reflected an increase in apoptosis, we measured caspase 3 and caspase 7 activities using a luminescent substrate containing a caspase cleavage site. There were significant increases in measured luminescence at 48 and 72 h in Mir146 inhibitor-treated cells, indicating an increase in caspase activity (Fig. 3F) . Cells treated with a Mir146 mimic did not show any changes in recovered cell number or caspase activity (data not shown). We also investigated whether modulating Mir146 could alter MED1 protein levels. Undifferentiated spermatogonia treated for 72 h with a Mir146 mimic exhibited a modest (1.3-fold) decrease in MED1 protein levels relative to NTC-treated cells (Fig. 3G) . Collectively, these results suggest that inhibiting Mir146 influences spermatogonia to upregulate genes associated with differentiation. As the culture system does not support differentiating germ cells, these spermatogonia would then likely undergo apoptosis.
Mir146 Modulates the Effects of RA on Spermatogonia
We next wanted to determine the effects of RA treatment and Mir146 modulation on cultured spermatogonia. In vitro exposure of male germ cells to RA induces characteristics of differentiating spermatogonia and subsequent meiotic spermatocytes, including the expression of Kit and stimulated by retinoic acid gene 8 (Stra8) and the localization of synaptonemal complex 3 (SYPC3), followed by cell death [18, 42] . Here, spermatogonia exposed to 1 lM RA for 24 h exhibited a significant decrease in Mir146 levels (3.33-fold; Fig. 4A ). As expected, there was significant upregulation of Kit (4.32-fold) and Stra8 (10.3-fold), and downregulation of Plzf (2.5-fold) (Fig. 4B) . We then examined whether overexpression of Mir146 was sufficient to alter the effects of RA on the germ cells. Spermatogonia were treated with either the Mir146 or the NTC mimic for 72 h. RA or vehicle was added to the cultures for the final 24 h of treatment. Changes in gene expression were determined by comparing Mir146 mimic-treated cells exposed to RA versus vehicle, and NTC mimic-treated cells exposed to RA versus vehicle. Relative to vehicle-exposed cells, there was no change in Mir146 levels in RA-exposed cells that received the Mir146 mimic, but a downregulation of Mir146 in RA-exposed cells that received the NTC mimic (Fig.  4C) . Additionally, RA-exposed Mir146 mimic-treated cells showed no induction of Kit, Stra8, or Sohlh2, while the RAexposed NTC mimic-treated cells exhibited an upregulation of these genes (Fig. 4D) . These results suggest that overexpres- 3 of both putative and previously validated target genes of Mir146, examined in THY1 þ /GFRA1 þ cells relative to FT cells, and in THY1 þ /GFRA1 þ cells relative to KIT þ cells. All transcripts were normalized to Actb, denoted by a dashed line of value ''1.'' D) The mouse Med1 3 0 UTR has three putative Mir146 binding sites, represented as diamonds. The sites at 928 bp and 1320 bp are highly conserved, while the site at 1614 bp is poorly conserved. E) Fold change measurements, defined as normalized luciferase activity following Mir146 mimic transfection relative to normalized luciferase activity following NTC mimic transfection in P19 cells. A plasmid vector containing the Med1 3 0 UTR downstream of the luciferase gene coding region (pMirMed1 Reporter) was cotransfected with either a Mir146 mimic or an NTC mimic into P19 cells. As a control, the Med1 3 0 UTR was substituted with an empty vector (pMir reporter). Data are presented as means (6SEM). *P , 0.05; **P , 0.01; ***P , 0.001. sion of Mir146 alone is sufficient to block induction of RAmediated transcription of differentiation genes. We then wondered whether treatment of undifferentiated spermatogonia with Mir146 inhibitor and RA together had a synergistic effect. Cells were treated with either the Mir146 inhibitor or the NTC inhibitor for 24 h. RA or vehicle was added to the cultures for the final 18 h of treatment. As expected, RA-exposed Mir146 inhibitor-treated cells exhibited a robust downregulation of Mir146 (Fig. 4E) . RA-exposed Mir146 inhibitor-treated cells also significantly upregulated Kit, Stra8, and Sohlh2 (Fig. 4F) . These data imply that specifically reducing Mir146 levels in spermatogonia promotes a cellular environment that is more responsive to RA-induced differentiation at the level of transcription.
We next examined whether the consequences of modulating Mir146 in undifferentiated spermatogonia could be measured as a change in cell phenotype. We established spermatogonial cultures from transgenic mice in which GFP is driven by the Oct4 promoter [43] . These GFP þ spermatogonia were then treated with either the Mir146 inhibitor or the Mir146 mimic, along with their respective NTC controls. Spermatogonia were analyzed by flow cytometry for relative changes in the number of cells exhibiting GFP or KIT protein, representing undifferentiated and differentiating spermatogonia, respectively. Exposure of cells to the Mir146 inhibitor resulted in a significant increase in the percentage of KIT þ cells relative to spermatogonia exposed to the NTC inhibitor (8.5% vs. 3.13%; Fig. 5A ), while no significant change was seen after Mir146 mimic treatment (2.75% vs. 2.96%; Fig. 5A ). In both treatment conditions, no change was seen in the number of GFP þ cells (data not shown). We next exposed GFP þ cells to either RA or vehicle. As expected, RA exposure generated a significantly higher percentage of KIT þ cells (21.1% vs. 5.4%; Fig. 5B ). Finally, we wanted to determine whether combining Mir146 treatment with RA exposure would alter the number of KIT þ cells. Spermatogonia treated with the Mir146 inhibitor and exposed to RA resulted in a significantly greater increase in KIT þ cells relative to cells treated with the NTC inhibitor and exposed to RA (1.86-fold vs. 1.18-fold; Fig. 5C ). Conversely, spermatogonia treated with the Mir146 mimic and exposed to RA resulted in a significantly lower increase in KIT þ cells relative to cells treated with the NTC mimic and exposed to RA (1.04-fold vs. 1.66-fold; Fig. 5C ). Again, no change was observed in the number of GFP þ cells (data not shown). Histograms of KIT þ cells for each condition are shown in Supplemental Fig. S2 . These results indicate that, in addition to influencing the transcription of differentiation-associated genes, Mir146 inhibition increases the percentage of spermatogonia exhibiting cell surface markers (i.e., KIT) that reflect differentiation commitment. Overexpressing Mir146 is sufficient to block the induction of these markers following RA exposure, while inhibiting Mir146 causes an increase in the number of differentiating cells.
DISCUSSION
The testis has been reported to have a complex and dynamic microRNA signature, but only a handful of microRNAs have been investigated in spermatogonia [10, 13-15, 20, 44] . In this regard, the developing testis is much like the developing ovary with respect to the paucity of information concerning specific microRNAs and their proposed functions [45] . Here, we focused our studies on the role of Mir146 in spermatogonial differentiation in vitro. Our results suggest that Mir146 is an important factor in keeping spermatogonia in an undifferentiated state. Moreover, we have shown that Mir146 is able to influence the effects of RA exposure on spermatogonia. As our analysis was performed on primary cells in culture, these findings are correlative and warrant additional investigation in vivo.
We initially chose to investigate Mir146 based upon its role in regulating megakaryopoiesis [29] . Due to its negative regulation by PLZF in megakaryocyte progenitor cells, we hypothesized that Mir146 should be highly expressed in differentiating spermatogonia. Unexpectedly, we found that Mir146 was significantly upregulated in undifferentiated spermatogonia, indicating that it may play a role in maintaining germ cells in an undifferentiated state. Overexpression of Mir146 led to a decrease in the transcript levels of markers associated with differentiation. Inhibition of Mir146 caused an enrichment of these differentiation transcripts and an increase in cells containing surface protein KIT. Mir146 mimic-treated spermatogonia exhibited a significant downregulation of Sohlh2. Our finding that Sohlh2 levels diminished upon Mir146 overexpression supports the observed enrichment of Sohlh2 in KIT þ cells relative to THY1 þ /GFRA1 þ cells. These results contrast with recent observations of SOHLH2 enrichment in undifferentiated spermatogonia [24] . This discrepancy could reflect differences between transcript and protein levels.
Several studies have previously reported the differential regulation of Mir146 during cell differentiation [29, 46, 47] . As previously mentioned, Mir146 was found to be downregulated during megakaryocyte differentiation. In those studies, Mir146 overexpression decreased megakaryocyte differentiation, while its inhibition increased the number of cells expressing megakaryocyte markers [29] . In multipotent hematopoietic progenitor cells (HPCs), Mir146 overexpression was detrimental to cell survival [47] . Additionally, bone marrow transplantation of these cells showed a transient increase in the myeloid compartment and a decrease in erythropoietic cells, indicating that Mir146 plays a role in specifying cell fate. In contrast, Mir146 was found to be upregulated during macrophage differentiation [46] . These findings suggest that the regulation of Mir146 is finely tuned during hematopoietic cell differentiation in a cell type-specific manner. Our results extend this hypothesis to nonhematopoietic cells.
Our data indicate that Mir146 directly affects the outcome of RA exposure on germ cells. Spermatogonia require RA for the initiation of differentiation, and this effect is, in part, cell autonomous [16, 18] . However, the mechanisms through which RA acts on germ cells are not well described. Our results show that Mir146 directly binds and represses Med1, a gene known to enhance transcription from nuclear hormone receptors. Overexpression and inhibition of Mir146 altered Med1 expression. We also show that Mir146 overexpression is sufficient to block the effect of RA on spermatogonia, while Mir146 inhibition leads to a synergistic effect. This suggests a connection between Mir146 and the RA-induced differentia-
FIG. 4.
Mir146 overexpression diminishes the effects of RA on undifferentiated spermatogonia, while Mir146 inhibition acts synergistically with RA. A and B) Cells were exposed to 1 lM RA or vehicle (0.1% EtOH) for 24 h. Mir146 expression (A) and spermatogonia-specific gene expression (B) was quantified by qRT-PCR. C and D) Cells were treated with the Mir146 mimic or the NTC mimic for 72 h. RA or vehicle was added for the last 24 h of treatment. Mir146 expression (C) and spermatogonia-specific gene expression (D) were quantified by qRT-PCR. E and F) Cells were treated with the Mir146 inhibitor or the NTC inhibitor for 24 h. RA or vehicle was added for the last 18 h of treatment. Mir146 expression (E) and spermatogonia-specific gene expression (F) were quantified by qRT-PCR. For C-F, gene expression was quantified by comparing RA-exposed cells to vehicle-exposed cells for each treatment. Transcripts in A, C, and E were normalized to U6, denoted in C by a dashed line of value ''1.'' Transcripts in B, D, and F were normalized to Actb, denoted in D and F by a dashed line of value ''1.'' Data are presented as mean values (6SEM). *P , 0.05; **P , 0.01; ***P , 0.001. tion pathway in spermatogonia. MED1 has previously been shown to influence stem cell differentiation by regulating signals from nuclear hormone receptors [48] [49] [50] [51] [52] . MED1 has been shown to directly bind retinoid receptors [40] , but reports describing its effect upon RA-induced transcription are limited. In a human promyelocytic leukemia cell line, Med1 knockdown caused cells to be nonresponsive to RA-induced differentiation, and to express low levels of direct RA target genes [49] . It is interesting to note that HPC-specific Med1 knockout mice have a very specific block in the development of the erythroid cell lineage [51] . As HPCs constitutively expressing Mir146 exhibit a decrease in erythropoiesis [47] , these findings suggest that Mir146 could target Med1 in other cell types to influence cell fate decisions.
The mechanisms regulating Mir146 expression are currently unknown. While we found that RA exposure decreased Mir146 expression, we do not know whether this effect is due to a direct interaction with RA receptors or with other transcription factors. Upstream regulatory elements within Mir146 need to be investigated to better understand how this pathway influences spermatogonial differentiation. In differentiating hematopoietic cells, Mir146 is directly repressed by PLZF [29] , while in differentiating male germ cells both Mir146 and Plzf are downregulated. As PLZF transcriptionally activates specific genes in undifferentiated spermatogonia [53] , it is possible that PLZF could act as a transcriptional activator of Mir146 in these germ cells.
Interestingly, Mir146 appears to have only a minor impact on genes associated with the maintenance of undifferentiated spermatogonia. We did not observe significant effects of modulating Mir146 on Oct4 expression through our examination Oct4-GFP cells. Further studies will be necessary to allow conclusions on how Mir146 influences spermatogonial stem cell self-renewal in vivo, utilizing cell transplantation assays. We conclude that the primary role of Mir146 in spermatogonia is to downregulate the expression of genes required for differentiation. We examined a direct interaction between Mir146 and Med1, yet it is likely that Mir146 exerts its influence on spermatogonia through a number of target genes. These findings reveal a potential mechanism by which spermatogonial differentiation is regulated. 
Mir146 REGULATES SPERMATOGONIAL DIFFERENTIATION
